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HEXA-VALENT CHROMIUM REMOVAL FROM AQUEOUS MEDIA USING FERROUS- 
FORM ZEOLITE MATERIALS 



CROSS REFERENCE TO RELATED APPLICATIONS 

This non-provisional patent application claims priority to United States Provisional 
Application Serial Number 60/41 1,399, filed on September 17, 2002, entitled SIX-VALENT 
CHROMIUM REMOVAL FROM AQUEOUS MEDIA USING FERROUS-FORM 
ZEOLITE MATERIALS and is herein incorporated by reference. 

FIELD OF THE INVENTION 

The invention generally relates to the removal of chromium from aqueous media. 
More specifically, the invention provides systems and methods for effectively removing 
hexa-valent chromium from aqueous media, and in particular, for removing hexa-valent 
chromium from water sources, such as, a ground water source contaminated with hexa-valent 
chromium. 

BACKGROUND OF THE INVENTION 

Cities and towns throughout the world depend on clean potable water supplies. The 
dependence on clean water has increased as the population of the world has increased, 
especially as industrial use of rivers and lakes have become commonplace. The increased 
industrial use of fresh water supplies has resulted in a corresponding decrease in water quality 
throughout the world, due principally to industrial related release of pollutants into the water 
supplies. The decrease in water quality is contravening to the world's increased dependence 
on clean potable water supplies, requiring a concerted effort toward both minimizing the 
release of pollution into the water supplies and removing existing pollution in water supplies 
throughout the world. 

One particularly concerning pollutant in many water supplies is hexa-valent 
chromium. Hexa-valent chromium is a valence of chromium, a metallic element of atomic 
number 24, group VIB of the periotic table, whose ions can form many different coordinated 
compounds in aqueous solution. Hexa-valent chromium has been used in numerous 



industrial applications, for example, as an alloying and plating element on metals and plastic 
substrates, as a protective coating within the automobile industry, as a biocide in cooling 
waters, and as a constituent of inorganic pigments. Due to its widespread use in numerous 
manufacturing processes in numerous geographic locations, over a longer period of time, six- 
valent chromium and chromium containing compounds, have found their way into many of 
the water supplies of the world. This especially true for ground water supplies in and around 
locations that participated in the above described industrial applications. 

Hexa-valent chromium has been shown to be carcinogenic, i.e., a cause of cancer, and 
corrosive to tissue, i.e., causing ulcers and dermatitis over prolonged contact with the skin. 
High or even moderate levels of hexa-valent chromium in a water supply is therefore a major 
health concern for those individuals consuming or coming in contact with such water supply. 
Therefore, there is a need to find efficient, cost effective hexa-valent-chromium removal 
systems for use on water sources through the world. 

Conventional methods for removing hexa-valent chromium (Cr +6 ) from water supplies 
have focused on either anion exchange resins or chromium reduction and precipitation 
techniques. In particular, where the Cr +6 is at very low concentrations, an ion exchange resin 
is utilized for its removal. However, where the Cr +6 is at higher concentrations, the Cr +6 is 
first reduced to Cr +3 and precipitated out of solution as chromium hydroxide (Cr(OH)3) 
(requiring the use of sulfur dioxide, sodium sulfate, sodium metabisulfite, and zero-valent 
iron). Note that chromium hydroxide has very low solubility between pH 5 and 10, i.e., the 
range of pH for most water supplies. These commercial techniques for removal of Cr +6 from 
water supplies therefore require either the use of expensive ion exchange resins or reduction 
to form a precipitate of the Cr +3 from the water source. 

Against this backdrop the present invention was developed. 

BRIEF SUMMARY OF THE INVENTION 

The present invention provides systems, methods and compositions for the removal of 
chromium and in particular Cr +6 from an aqueous medium. Embodiments of the present 
invention utilize modified zeolite adsorption material having high capacity for the removal of 
chromium form an aqueous medium. One such modified adsorption material is ferrous-form 
zeolite. 
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Embodiments of the present invention also provide methods and compositions for the 
generation of ferrous-form zeolite having at least 0.1 meq ferrous iron/gram. Typically, the 
modified zeolite has between 0.6 and 0.8 meq ferrous iron/gram. Embodiments of the 
present invention also provide methods and systems where the aqueous medium is de- 
oxygenated prior to entry into the chromium removal system. 

These and various other features as well as advantages which characterize the 
invention will be apparent from a reading of the following detailed description and a review 
of the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 illustrates a flow diagram of Cr +6 removal from an aqueous medium in 
accordance with embodiments of the present invention. 

Figure 2 illustrates a second flow diagram of Cr +6 removal from an aqueous medium 
in accordance with embodiments of the present invention. 

Figure 3 illustrates a schematic of one system for chromium removal in accordance 
with an embodiment of the present invention. 

Figure 4 illustrates ferrous iron loading onto zeolite in accordance with an 
embodiment of the present invention. 

Figure 5 illustrates Cr +6 removal with ferrous-form zeolite in accordance with an 
embodiment of the present invention. 

Figure 6 illustrates Cr +6 removal with ferrous-form zeolite in accordance with an 
embodiment of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

Definitions: 

The following definitions are provided to facilitate understanding of certain terms 
used frequently herein and are not meant to limit the scope of the present disclosure. 

"Aqueous medium" refers to water or any liquid made from, with, or by water. The 
term includes liquids where water is present at >50 vol %. In most cases the aqueous 
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medium is water with dissolved solution such as hexa-valent chromium salts. In some cases, 
aqueous medium or media is contaminated with Cr +6 . For example, aqueous medium may be 
ground water supplies contaminated with Cr +6 where the ground water supply is adjacent 
and/or in the vicinity of an automobile manufacturing plant or other source ofCr °. 

"Feed" or "first aqueous medium" or "first aqueous sample" refers to an aqueous 
medium before treatment with the systems, methods and/or compositions of the present 
invention, for example, a flowing water source before it enters a water treatment facility or an 
underground water supply before it enters the systems of the present invention. 

"Maximum Contaminant Level" is the highest level of contamination that is allowed 
in drinking water in the United States, taking into account best treatment technology and cost. 
These standards are typically enforceable. Note that Maximum Contaminant Level standards 
are envisioned to encompass or correspond to the same approximate standards in countries 
outside the United States, and in many cases are enforceable in those countries. 

"Zeolite" refers to a natural and/or synthetic zeolite. Natural zeolites are hydrated 
silicate of aluminum and either sodium or calcium or both, for example clinoptilolite and 
chabazite. Synthetic zeolites are made by a number of well known processes, for example 
gel or clay processes, which form a matrix to which the zeolite is added. Example synthetic 
zeolites include Linde® AW-30 and Zeolon® 900. 

"Remove" refers to the detectable decrease of a target material, for example Cr 6+ , 
from a feed, for example ground water. Typically, removal of Cr +6 from an aqueous feed is 
at least 50%, preferably at least 75% and most preferably at least 90%, from the original 
levels in the zeolite treated feed. Typically, chromium is removed from a first level to a 
second lower level using the embodiments of the present invention. 

"Absorb" and "adsorb" refer to the same basic principle of one substance being 
retained by another substance. The processes can include attraction of one substance to the 
surface of another substance or the penetration of one substance into the inner structure of 
another substance. The present invention contemplates that ferrous-form zeolite can either 
absorb and/or adsorb hexa-valent chromium out of an aqueous medium and that for purposes 
of the present invention, the two principles are interchangeable. Other terms used to describe 
this interaction include binding or trapping, each of which is contemplated to be within the 
definition of absorption and/or adsorption. 
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Embodiments of the present invention provide methods, systems and compositions for 
removal of Cr +6 from an aqueous medium, for example, a source of chromium contaminated 
ground water. In general, the methods, systems and compositions of the present invention 
rely upon modified zeolite absorption columns, for example ferrous-form loaded zeolite 
columns, that have the capacity to reduce the Cr +6 to Cr +3 , thereby removing it from the target 
medium. Several similarly related zeolite modified adsorption columns are envisioned to be 
within the scope of the present invention, including ferrous-form zeolite, manganese- form 
zeolite, and other more expensive or non-practical metallic ions. 

Generation of Ferrous-Form Zeolite: 

Ferrous-form zeolite is generated when ferrous-iron is loaded onto zeolite. With 
regard to the zeolite used as a base material in generating ferrous-form zeolite, either natural 
or synthetic types can be used. Compositionally, zeolites are similar to clay minerals, where 
zeolites are natural hydrated silicate of aluminum and either sodium, calcium or a mixture of 
both. However, unlike clays, which have a layered crystalline structure (similar to a deck of 
cards that is subject to shrinking and swelling as water is absorbed), zeolites have a rigid 
three-dimensional crystalline structure, for example a honeycomb-like crystalline structure. 
Zeolites' rigid honeycomb-like structure consists of a network of interconnected tunnels and 
cages, thereby forming a series of substantially uniformly sized pores. Aqueous media 
moves freely in and out of the pores formed by the crystalline structure, making zeolite an 
excellent sieving or filtration type material, as well as providing a large surface area for 
binding ferrous iron. 

There are a number of natural zeolites useful in the context of the present invention, 
including, clinoptilolite, chabazite, phillipsite, mordenite, analcite, heulandite, stilbite, 
thomosonite, brewsterite, wellsite, harmotome, leonhardite, eschellite, erionite, epidesmine, 
and the like. The natural zeolites of the present invention differ in density, cation selectivity, 
molecular pore size, and cation affinity. For example, clinoptilolite has 16% more void 
volume and pores, and is as much as 0.2 mm larger in average diameter than analcime, 
another common zeolite. Clinoptilolite is a preferred natural zeolite useful in the generation 
of ferrous-form zeolite. In addition, natural zeolites having particle sizes from 10X60 mesh 
and preferably 20X40 mesh, and most preferably 20X50 mesh, are most useful in the present 
invention. Zeolite fines are typically removed before use in the present invention to prevent 
plugging in the tanks of the present invention (see below). 
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Tables 1 and 2 provide a list of companies that presently produce zeolite minerals in 
either the United States or Canada. Table 1 provides a chemical analysis of the companies 
zeolite materials, and Table 2 provides the physical properties of the corresponding zeolite 
materials. These Tables is provided as illustrative of the type of zeolite material that can be 
purchased for large scale use in the generation of ferrous-form zeolite. 



Table 1 - Chemical Analysis (Expressed in Weight %) 



Company 


Location 


Na 2 0 


K 2 0 


CaO 


MgO 


Si0 2 


A1 2 0 3 


Ti0 2 


Fe 2 0 3 


Addwest 
Minerals 


WY 


4.7 


1.9 


1.6 


0.65 


74.0 


14.0 


0.1 


2.1 


American 


NV/CA 


3.5 


3.8 


0.7 


0.4 


69.1 


11.9 


— 


0.74 


Am. 


OR 


0.8 


3.8 


0.7 


0.4 


69.1 


11.9 


0.2 


0.7 


Stellhead 
Res 


CA/NM/OR 


0.8 


3.8 


0.7 


0.4 


69.1 


11.9 


0.2 


0.4 


Teague 

1V11UC1 Clio 


OR 


0.9 


4.7 


1.4 


0.3 


64.1 


11.8 


0.3 


2.58 


Zeotech 


TX 


0.6 


1.7 


2.4 


0.7 


68.4 


12.1 


NK 


NK 


St. Cloud 
Mining 


NM 


0.9 


3.3 


3.3 


1.0 


64.7 


12.6 


0.2 


1.8 


W-Way 
Zeolites 


Canada 


2.5 


2.7 


3.4 


1.3 


65.8 


14.3 


0.3 


2.6 


Highwood 
Res 


Canada 


2.78 


2.79 


3.78 


0.95 


64.5 


13.7 


0.27 


2.19 


C2C 
Mining 


Canada 


1.35 


1.57 


2.51 


1.55 


66.8 


11.2 


0.6 


5.2 
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Table 2 - Physical Properties 



Company 


Ionic 
Exch 
Capacity 
(meq/g) 


H 2 0 % 
Adsorption 


Free 

Silica 

(%) 


SG 


Color 


pH 

(natural) 


Pore 

Diameter 
(A) 


Hardness 


Addwest 
Minerals 


2.00 


14.0 


2.00 


1.5 


pale blue 




4.4 


3.7 


American 
Research 


1.85 


12.3 


NK 


NK 






4.0 


5.1 


Am. 

Absorbents 


1.4 




1.50 


2.3 


white 


8.0 


4.0 


3.8 


Stellhead 
Res. 


1.30 




0.09 


1.6 


white 


8.0 


4.0 


5.1 












Teague 
Minerals 


1.77 




low 


2.2 


off white 




not 

provided 


not 

provided 


Zeotech 


















St. Cloud 
Mining 


1.60 




0.0K 


2.3 


white 


8.0 


4.0 


3.8 


W-Way 
Zeolites 


1.00 


25.0 


NK 


2.4 


off 

white/pale 
green 


8.1 


6.5 


NK 


Highwood 
Res 


1.00 




10.0 


2.0 




7.0 






C2C 
Mining 


NK 


NK 


5.00 


2.3 


brown 


5.0? 


NK 


NK 
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Synthetic zeolites can also be used in the context of the present invention. Synthetic 
zeolites are made by well known processes, such as gel process (sodium silicate and alumina) 
or clay processes (kaolin), which form a matrix to which the zeolite is added. Preferable 
synthetic zeolites include Linde® AW-30, Linde® AW-500, Linde®4-A and Zeolon®900. 

It is envisioned that the systems and methods of the present invention can utilize, 
either natural, synthetic or a mixture of natural and synthetic zeolite in the generation of 
ferrous-form zeolite. 

Ferrous-form zeolite is prepared by combining zeolite, for example clinoptilolite 
zeolite, with a solution of ferrous sulfate, ferrous chloride, or other like ferrous containing 
solutions. Ferrous-form zeolite can be generated in a batch style technique where each 
constituent, zeolite and ferrous containing solution, is mixed together and allowed to interact 
for an amount of time at an appropriate temperature. In such cases the combined constituents 
can be gently mixed throughout the loading period until the zeolite loading process reaches 
equilibrium. In addition, the ferrous-form zeolite can also be generated by circulating a 
ferrous containing solution over a target zeolite, for example by using an up-flow circulation 
system. The ferrous containing solution is recycled over the target zeolite for a period of 
time, number of bed volumes, or until a measured amount of ferrous-iron is loaded onto the 
zeolite. It should be noted that other ferrous-form zeolite generation techniques can be used, 
for example, down- flow circulation systems. A general target amount of loaded ferrous onto 
the zeolite is approximately 0.1 - 2.0 meq ferrous-iron/gram, although other loaded amounts 
of ferrous are envisioned, and is preferably about 0.6 - 0.8 meq ferrous-iron/gram. Factors to 
consider for determining the amount of loaded ferrous include, type of zeolite, type of ferrous 
substance, reaction conditions, e.g., time, pH, temperature, etc., and amount of Cr 6+ in target 
aqueous medium. 

Generation of ferrous-form zeolite is also dependent on the amount of sodium ion or 
calcium ion displaced off of the zeolite during the ferrous iron loading process. For example, 
as ferrous iron contacts the zeolite, sodium ions are displaced. However, once the level of 
displaced sodium from the zeolite exceeds about 3 g/L, the capacity of the zeolite to load 
ferrous ion is restricted. As such, ferrous loading is generally performed in ferrous 
containing solutions having less than about 3 g/L of sodium (or calcium dependent on the 
type of zeolite being loaded) displaced from the zeolite. This can be accomplished by 
loading the ferrous iron in two or more steps, a first step where a first solution loads some 
ferrous iron onto the zeolite, and displaces a majority of the sodium ion from the zeolite into 
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the solution; and a second step where a second ferrous iron containing solution is contacted to 
the zeolite after the majority of sodium ion has been displaced. The second ferrous 
containing solution ensures that the zeolite is charged with ferrous iron to an acceptable level. 
Additional changes of solution may be performed while loading the zeolite with ferrous iron 
to attain the target meq/g required for the particular ferrous-form zeolite use. Note also that it 
is envisioned that other means may be used to pre-strip the zeolite of sodium prior to addition 
with ferrous containing solutions, for example by using ammonia to strip the sodium, 
followed by contact with ferrous iron. Note that these same considerations can occur when 
the zeolite is calcium form zeolite instead of sodium form zeolite. 

In one embodiment of the present invention, the contact pH between the zeolite and 
ferrous containing solution, for example ferrous sulfate, is from about 2.5 to about 5.5, more 
preferably from 3.0 and about 4.0 and most preferably from about 3.7 to about 3.9. Contact 
temperatures generally is above 15°C, although slightly lower temperatures are envisioned. 
Temperatures below 10°C should be avoided. 

Embodiments of the present invention also envision that the ferrous-form zeolite be 
generated under conditions that minimize oxidation of the ferrous iron. As such, ferrous- 
form zeolite generation is preferably conducted under non-oxidizing conditions, for example, 
in a non-oxidizing gas atmosphere, for example in an inert gas like nitrogen gas. In some 
embodiments this includes a nitrogen purge of the system as a ferrous solution is loaded onto 
the zeolite. 

As an illustrative example, about 470 pounds of zeolite is mixed with 450 liters of a 
12 g/L ferrous sulfate at a pH of 3.7, at 23°C, for about 48 hours to provide ferrous-form 
zeolite having 0.34 meq ferrous iron per gram zeolite. The solution after 48 hours has a 
sodium concentration of about 2.6 g/L. Input and output levels of the ferrous containing 
solutions are generally tested to ensure that the zeolite is loaded to an anticipated level. This 
ferrous sulfate solution, now having 2.6 g/L Na, is removed, and a second ferrous sulfate 
solution having 12 g/L ferrous sulfate and negligible sodium levels is contacted to the zeolite 
to bring the final ferrous content to 0.74 meq/gram. Note that the entire procedure is 
performed under nitrogen to prevent the ferrous ion from being oxidized. 
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Hexa-Valent Chromium Removal From Aqueous Medium Using Ferrous-Form Zeolite 

The present invention provides for the removal of hexa-valent chromium from 
aqueous media. Ferrous-form zeolite adsorbs Cr +6 via the following general reaction: 

3Fg^ + Cr0 4 ' 2 + 8H 2 0 -> 3Fe(OH) 3 >l + Cr(OH) 3 >l + 4H + 

As illustrated in the Examples below, Cr +6 can be removed from a Cr +6 containing aqueous 
medium by simply passing the medium over ferrous-form zeolite. In general, the Cr +6 
contaminated feed is passed over the ferrous-form zeolite until the levels of Cr +6 in the 
aqueous medium is reduced to predetermined levels, typically levels that no longer represent 
a significant health or environmental risk. As described in greater detail below, these systems 
can incorporate a number of different ferrous-form zeolite-aqueous medium contact 
techniques, including: batch style, upflow style and downflow style. In some instances, as 
the volume of aqueous medium treated with ferrous-form zeolite increases, a dark red-brown 
precipitate forms. Typically, the precipitate must be removed during the treatment of the 
aqueous medium, typically using some type of filtration, including size based filtration. 

Figure 1 illustrates a flow diagram of Cr +6 removal from an aqueous medium, for 
example a source of Cr +6 contaminated ground water, in accordance with the present 
invention. In step 102 the zeolite is loaded with an appropriate amount of ferrous iron, for 
example by re-circulating ferrous sulfate over zeolite until ferrous form zeolite is generated; 
in step 104 the Cr +6 contaminated source is contacted with the ferrous-form zeolite, contact 
parameters include time, volume or visual cues. In step 106, the discharge of the Cr +6 
contaminated source from the ferrous-form zeolite is tested for Cr +6 levels; and in step 108, 
the spent ferrous-form zeolite is removed and optionally replaced with fresh or unloaded 
ferrous-form zeolite. 

Figure 2 illustrates another flow diagram of Cr +6 removal from an aqueous medium, 
for example a source of Cr +6 contaminated ground water, in accordance with the present 
invention. In step 110 the zeolite is loaded with an appropriate amount of ferrous iron, for 
example by re-circulating ferrous sulfate over zeolite until ferrous-form zeolite is generated, 
in preferred embodiments approximately 1-3 meq of ferrous iron is loaded per gram of zeolite. 
Note that a second contact step may be required where the displaced sodium or calcium 
levels exceed 3 g/L. In step 112 the aqueous medium is de-oxygenated, see below, to remove 
50%, preferably 75% and most preferably about 90% of the oxygen from the Cr +6 
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contaminated source or feed. In step 114 the de-oxygenated Cr contaminated source is 
contacted to the ferrous-form zeolite for an appropriate amount of time (note that appropriate 
amounts of time can be calculated based on the parameters of the chemical reactions or 
determined empirically from previous runs). In step 118, the discharged, and now Cr 6+ 
depleted and de-oxygenated aqueous medium is re-infused with oxygen so as to minimize 
damage to the environment and/or pipes. In step 116 the aqueous medium can be tested to 
determine both Cr +6 levels and oxygen levels, where unsatisfactory levels cause the discharge 
to return to the de-oxygenation step 112 (shown by line 119). In step 120 the spent ferrous- 
form zeolite is removed and optionally replaced with fresh or unloaded ferrous-form zeolite. 
Note that a portion of spent or loaded ferrous-form zeolite can also be replaced with fresh 
ferrous-form zeolite. 

The ferrous-form zeolite can act as a filtration system for removing the precipitated 
iron and chromium byproducts. In general, where upflow techniques are utilized, gravity 
moves the precipitates away from the discharge outlet. However, other filtration devices can 
be added at the discharge end of the column to prevent or minimize the amount of precipitate 
from entering the discharge. Note that where batch stylecontact techniques are used, 
centrifugation or other separating techniques may be utilized to remove the precipitates. 

Note that for purposes of the present invention, a "first level" of Cr +6 is a 
concentration of Cr +6 within an un-treated (un-treated by the systems and methods of the 
present invention) aqueous medium, preferably drinking water on its way into or out of a 
conventional water treatment facility or contaminated ground water site prior to entry into a 
water treatment facility. The first level may exceed the acceptable discharge limits, or MCL 
(or its equivalent as set by the appropriate authority in other countries of the world), set by 
the EPA (or governing state agency) thereby requiring treatment (regardless the first level is 
generally the feed level of Cr +6 ). A "second level" of Cr +6 is a concentration within an 
aqueous solution typically lower than the acceptable MCL set by the EPA, and typically 
lower than the first level of Cr +6 . A "third level" or chromium is a concentration within an 
aqueous medium lower than the "second level." A "discharge level" of Cr +6 is the 
concentration of Cr +6 in an aqueous media being discharged from systems and methods of the 
present invention. The discharge level of Cr +6 is often equal to the second or third levels of 
Cr +6 but need not necessarily be the case, for example, where additional Cr +e is trapped and 
thereby removed from the aqueous medium, within the conventional treatment facility, 
thereby altering the level of Cr +6 from the discharge level. The first level of Cr +6 is generally 
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higher than the second level of Cr , which is higher than the third level of Cr . Note also 
that the concept of a "level" of Cr +6 , i.e., first level, second level, third level, etc., in media is 
envisioned to be an average concentration of Cr +6 in the water at the moment of measurement 
or sampling, and is dynamic and usually in flux throughout the treatment of the water by the 
systems and methods of the present invention. As such, the first, second, third or discharge 
level of Cr +6 in an aqueous medium are envisioned as average values that may vary over the 
course of water treatment, as long as it does not violate the properties ascribed above. 

In its broadest sense, the present invention is directed toward the extraction or 
removal of Cr +6 from an aqueous media from a first level to a second level. 

Systems For Removal of Hexa-Valent Chromium From Aqueous Medium 

As discussed above, several different system embodiments in accordance with the 
present invention can be used in the contact of aqueous medium with ferrous-form zeolite. 
One embodiment of the present invention is described below which is a de-oxygenation 
upflow circulation system. Note that the systems of the present invention are generally 
designed to be incorporated into conventional water treatment systems, and preferably are 
designed to be incorporated into theses systems as stand-alone units. Typically, the 
incorporation of the systems and methods of the present invention do not require that the 
existing system be re-designed, but rather, that the Cr +6 removal systems and methods be 
adapted to function before, during or after more conventional water treatment. Preferably, 
embodiments of the Cr +6 removal systems and methods of the present invention are added to 
existing water treatment facilities as a first treatment step. Preferably, embodiments of the 
present invention remove an amount of Cr 6+ from a water source to meet the current MCL for 
chromium in the United States by the EPA, i.e., 100 parts per billion (although some states 
mandate levels below 50 ppb). Note also that the systems of the present invention are 
portable and can be designed for transport in trucks or other movable platforms to 
contaminated sites, for example to a well located in a high Cr +6 contaminated ground water 
area. 

The systems and methods of the present invention are adapted for use with existing 
water treatment plants as a "turn-key" or "bolt-on" process to remove Cr +6 from aqueous 
media. These facilities can be used to improve the quality of aqueous media in a number of 
applications, including drinking water, waste water, agricultural water and ground water. In 
the same manner, the systems and methods of the present invention can be incorporated into 
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new water treatment plant designs, again as "turn-key" or "bolt-on" process to the 
conventional water treatment facility, or integrated into the facility as designed by one of skill 
in the art. 

Referring to Figure 3, one system 300 for the removal of Cr +6 from aqueous media is 
shown. An aqueous media having a first level of Cr +6 is provided 302, preferably of a ground 
or surface water source, and most preferably a water source as it enters a water treatment 
facility, for example, as it enters a waste water treatment facility. The system preferably has 
a Cr +6 sampling device for removing a sample for the measurement of Cr +6 content to provide 
an approximate or average first level Cr +6 value (although not shown, chromium levels can be 
determined using ICP mass spectroscopy or other like devices at an onsite or offsite 
laboratory). A storage tank 304 can also be present to store aqueous medium prior to 
treatment with the methods and systems of the present invention. The storage tank 304 can 
include a float to sense the content within the storage tank. The aqueous media is fed from 
the supply or storage tank into a de-oxygenation system 306 for the removal of the oxygen 
from the aqueous medium. The de-oxygenation system 306 includes an air removal tower 
308 (for example a tower having a eight inch diameter and a 72 inch height) connected to 
vacuum pump 310 for pulling air out of the contaminated feed water prior to entering the first 
adsorption column. A column feed pump 312 pulls the medium from the air removal tower 
308 and feeds it into the first absorption column 314 in an upflow fashion. A condensate 
receiver 316 captures condensate from the air removal tower 308. Medium flows between 
each column, with a sampling port and valve 316 provided for taking samples and testing for 
Cr +6 levels between columns. A similar sample port and valve 316 exists between each 
column, as well as at the discharge point from the system 300. The aqueous media is 
discharged from the system having a second level of Cr +6 318, typically at a reduced Cr +6 
level from the first level of Cr +6 . 

Note that filters 320 can be incorporated within the system to facilitate the removal of 
particulates from the media, including filters between columns that minimize the amount of 
ferrous-form zeolite that escapes each column run. It is also noted that the number of 
columns in the system 300 can be modified dependent on the required capacity of the system 
for removing chromium from the medium. The total number of columns is dependent on 
such things a flow rate of the medium, chromium levels of the feed, target chromium levels 
of the discharge, capacity of the ferrous-form zeolite, pH and temperature within the system, 
etc. It should also be noted that the columns can be connected in parallel or in a down-flow 
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configuration, dependent on column pressures and flows. It is also noted that the system 300 
can be purged with nitrogen to ensure that oxygen does not oxidize the ferrous iron and 
thereby reduce the capacity of the system. 

Finally, as the columns in system 300 reach capacity, the first column is typically 
removed from the series and a newly charged column inserted after the last column in the 
series. In this way, systems are systematically replaced with consistent levels of ferrous-form 
zeolite. Note that other ferrous-form zeolite replacement strategies can be used in 
embodiments of the present invention, for example, replacement of a percent, e,g. 20%, of the 
column zeolite over pre-determined numbers of hours or bed volumes. 

Having generally described the invention, the same will be more readily understood 
by reference to the following examples, which are provided by way of illustration and are not 
intended as limiting. 

EXAMPLES 

- Example I: Generation of Ferrous-Form Zeolite 

Two batches of ferrous-form zeolite were produced using the methods of the present 
invention to illustrate generation of ferrous-form zeolite using the methods and compositions 
of the present invention. In the first batch, two hundred grams of washed and screened (8x28 
mesh) clinoptilolite zeolite was placed in a one-gallon container with 500 milliliters (ml) tap 
water and 40 grams ferrous sulfate heptahydrate. The container was closed and placed on a 
"rolls" or "roller" apparatus to mix the contents for about 48 hours. The weights and 
volumes of reagents added were such that the initial iron concentration was 16 grams/liter 
(g/L), the percent solids was 29%, and iron available was approximately 1.4 meq ferrous 
iron/gram. The air in the container caused some oxidation of the ferrous sulfate, such that 
considerable precipitation occurred during the contact period. The container contents were 
sieved on a 35 mesh sieve to remove the precipitate and any degraded zeolite. The entire 
amount of plush-35 mesh material was used for the Cr +6 removal tests described below in 
Example 2 (see Figure 4). Note that the material was loaded into a column for upflow 
contact with the six-valent chromium containing medium. X-ray fluorescence analysis of the 
zeolite after the chromium removal tests indicated that zeolite contained about 1.81% 
additional iron or a loading of about 0.65 meq ferrous iron/gram of zeolite. 
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A second batch of ferrous-form zeolite was generated by circulating/re-circulating a 
solution of ferrous sulfate up-flow through a vertical six-inch diameter column of zeolite. 
The column contained twenty kilograms of 8x35 mesh clinoptilolite. Approximately 54.8 
liters ferrous sulfate solution, having 5.6 kg of ferrous sulfate added, was circulated through 
the column. The weights and volumes added were such that the initial iron concentration was 
20.4 grams/liter, the percent solids was 27%, and the iron available was 2.0 meq ferrous 
iron/gram. 

Note that during the first days contact between the zeolite and ferrous sulfate a hose 
and fitting separated allowing the solution to be lost (see row 1 of Table 1). The solution 
volume was replaced with water and the same amount of ferrous sulfate. Since it is not 
possible to measure that solution, any transfer of iron from this volume was ignored in the 
data sheet calculations, see Figure 4. X-ray fluorescence analysis of the zeolite determined 
that the final iron loading was incomplete, but that the loading was sufficient to test the 
adsorption of chromium from a solution. 

Table 1 and Figure 4 illustrate that iron loading onto zeolite occurs as a function of 
time. At 96 hours of contact time, approximately 0.35 meq /g of ferrous iron is loaded and 
0.37 meq/g of other ions are displaced. Table 2 shows that the distribution of loaded ferrous 
iron and eluted sodium, calcium, magnesium, potassium, and aluminum. 



Table 3: Ferrous- Form Zeolite Formation 



Contact 

time 

(hr) 


Liters 
solution 


Fe (g) 


Na 
(g) 


Ca 
(g) 


Mg 
(g) 


K(g) 


Al 

(g) 


pH 


Fe 

Load 
meq/g 


Displace 
meq/g 


24 


54.8 


No 
data 


No 
data 


No 
data 


No 
data 


No 
data 


No 
data 


No 
data 


2.00 


0 


24 


54.8 


17550 


1785 


568 


34 


14 


41 


3.05 


0.28 


0.31 


48 


54.8 


17210 


1949 


708 


42 


13 


68 


3.18 


0.32 


0.36 


72 


54.8 


16820 


1996 


670 


45 


14 


99 


3.18 


0.35 


0.37 



15 



Table 4: Distribution of Loaded Ferrous Iron 









Loaded 


Meq/g Eluted 




Contact 

time 

(hr) 


Filter 
Fe, 

grams 


Added 
Fe, 

grams 


Fe, g 


Fe 
eq 


meq/g 


Na 


Ca 


Mg 


K 


Al 


Total 


24 


0 


1120 


1120 


40 


2.00 


0 


0 


0 


0 


0 


0 


24 


962 


1120 


158 


6 


0.28 


0.21 


0.08 


0.01 


0 


0.01 


0.31 


48 


943 


1120 


177 


6 


0.32 


0.23 


0.10 


0.01 


0.0 


0.02 


0.36 


96 


922 


1120 


198 


7 


0.35 


0.24 


0.09 


0.01 


0.0 


0.03 


0.37 



An additional test was performed under non-oxidizing conditions to prepare ferrous- 
form zeolite using embodiments of the present invention. Five hundred grams of washed and 
screened (20x50 mesh) clinoptilolite zeolite was placed in a one-gallon container with 1500 
milliliters (ml) tap water and 80 grams ferrous sulfate heptahydrate. The container was 
purged with nitrogen to replace air, closed and placed on a "rolls" or "roller" apparatus to 
mix the contents for about 24 hours. The weights and volumes of reagents added were such 
that the initial iron concentration was 1 1 grams/liter (g/L), the percent solids was 25%, and 
iron available was approximately 1.15 meq ferrous iron/gram. The container contents were 
sieved on a 35 mesh sieve to remove the precipitate and any degraded zeolite. The solution 
was drained from the zeolite, having approximately 2.6 g/L sodium. A second contact of 
ferrous ion was prepared by taking 1500 ml of tap water having 80 grams ferrous sulfate, and 
adding this solution back to the zeolite. The bottle was again purged with nitrogen and rolled 
for approximately 48 hours. The concentrations of solid and iron available remained as 
above in the first contact. A final loading of ferrous ion onto the zeolite was determined to be 
0.52 meq ferrous iron/gram. 

Example 2: Ferrous-Form Zeolite Removes Cr +6 From Solution 

Two Cr +6 removal tests were performed using ferrous-form zeolite (see Figures 5 and 
6). Tap water having approximately 5,000 parts per billion Cr +6 was added as potassium 
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dichromate and passed upflow through the ferrous form zeolite containing column described 
in Table 5, Example 1. The discharge from the columns was composited, usually daily, and 
samples of the feed and composite discharge solution analyzed for chromium. In some cases 
a "grab" sample of the discharge at the end of the sample period was also taken for analysis. 
The detection limit for ICP mass spectroscopy was about 4 ppb chromium, so it some cases 
where the chromium was below detection, a 4 ppb value was used for calculations of the 
amount transferred to the zeolite. 

As shown in Table 5, near complete chromium removal for the first 900 bend 
volumes of chromate contaminated water occurred, showing an ultimate capacity of 1800 mg 
chromium per kg of zeolite. Note that the column operated with near complete efficiency 
until about 1 100 mg/kg of chromate was loaded onto the ferrous-form zeolite, and even after 
that point, a fair amount of chromate was removed. Figure 5 graphically illustrates the data 
from the Table 5. 



Table 5: Chromate Removal From Water Using Ferrous-Form Zeolite 











Discharge Cr 






Loading 








Target 
Flow 


Comp 


Grab 


Liters 


Cum 


Increment 


Cumulative 


Day 


mg/1 


Cr 


ml/min 




ug/L 




Bed 
Vols 


mg/kg 


mg/kg 


1 


200 


4970 


5 


4 


<10 


4.3 


20 


107 


107 


3 




4710 


5 


4 


<10 


6.4 


49 


151 


257 


4 




4730 


5 


4 


<10 


6.2 


77 


147 


404 


5 




3980 


5 


4 


<10 


8.5 


115 


169 


573 


6 




3870 


5 


4 


<10 


8.8 


155 


170 


743 


7 




4260 


5 


4 


<10 


7.5 


190 


160 


903 


8 




4530 


5 


8 


37 


8.7 


229 


197 


1099 



17 



9 




5750 


5 


99 


227 


7.9 


265 


223 


1322 


10 






3 










0 


1322 


11 




5910 


3 


100 


60 


7.8 


300 


227 


1549 


12 




5190 


9 


2080 


3010 


12.5 


357 


194 


1743 


13 




4910 


10 


3480 


3840 


15.2 


426 


109 


1852 



In the second illustration, as shown in Table 6, near complete chromium removal for a 
first 600 bed volumes of water treated, and a capacity of greater than 1,400 mg chromium per 
kg of zeolite was achieved using the methods and compositions of the present invention. 
Table 6 illustrates significant removal of chromate from the feed to the ferrous- form zeolite 
(shown graphically in Figure 6). 

Table 6: Chromate Removal From Water Using Ferrous-Form Zeolite (Test 2) 



Day 


mg/L 
200 


Cr 


Target 

Flow 

ml/min 


Discharge 
Cr Comp 

ug/i 


Discharge 
Cr Grab 


Liters 


Cum 

Bed 

Vol 


Loading 

Increment 

mg/kg 


Loading 

Cumulative 

mg/kg 


1 




766 


5 


<10 




7.8 


35 


29 


29 


2 




3518 


5 


<10 




9.0 


76 


158 


187 


3 




4180 


5 


<10 




10.9 


126 


227 


415 


4 




5794 


5 


13 


78 


7.8 


161 


225 


640 


5 




5849 


5 


724 




9.0 


202 


231 


871 


6 




6114 


5 


724 


2030 


6.7 


233 


181 


1051 


7 




5772 


5 i 


2213 




8.1 


270 


144 


1195 


8 




7392 


5 


2356 




7.4 


303 


186 


1382 



A third chromium removal test was performed to illustrate the utility of embodiments 
of the present invention for continuously removing chromium from an aqueous medium. A 
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250 ml buret was charged with 200 ml of ferrous-form zeolite, having 0.74 meq ferrous 
iron/gram. A chromium containing solution was prepared by mixing 1 ml stock potassium 
dichromate with 14 liters of water to provide a 100 |ig/L Cr solution. The solution was fed to 
the ferrous-form zeolite at approximately 10 ml/min over a period of thirty plus days. Water 
samples were tested using standard mass spectroscopy techniques, the data shown in Table 7. 



Table 7: Cr* 6 Removal By Ferrous-Form Zeolite 







Feed 
Batch 


Discharge: Target Flow 220 
ml/min 




Loading 
Zeolite 


Day 


Time 


Cr f4,g/L 


Liters 


pH 


Cr jo,g/L 


Bed Vol. 


mg/kg 


1 


13:00 


134 












2 


13:15 


83 


13.2 


5.83 


<4 


60 


8.6 


3 


8:45 


66 


11.6 


6.52 


<4 


113 


16.1 


4 


8:30 


103 


15.1 


6.23 


<4 


181 


25.9 


5 


8:30 


102 


14.7 


5.93 


<4 


248 


35.5 


6 


7:30 


103 


13.4 


6.40 


<4 


309 


44.3 


8 


8:45 


111 


14.8 


6.08 


<4 


377 


53.9 


9 


9:00 


109 


14.6 


6.02 


<4 


443 


63.4 


10 


8:30 


110 


15.6 


6.18 


<4 


514 


73.5 


11 


8:15 


104 


12.2 


6.35 


<4 


569 


81.4 


12 


8:45 


104 


15.6 


6.48 


<4 


640 


91.5 


14 


7:00 


99 


12.7 


6.66 


<5 


698 


99.7 


15 


8:15 


107 


15 


6.59 


<5 


766 


109.4 


16 


9:15 


104 


14.7 


6.76 


<4 


833 


118.9 



19 



17 


8:15 


104 


13.7 


6.88 


6 


895 


127.7 


18 


8:45 


108 


14.5 


7.19 


5 


961 


137 


19 


7:30 


106 


13.5 


7.32 


4 


1022 


145.8 


20 


6:45 


106 


13.8 


7.33 


5 


1084 


154.7 


23 


9:00 


108 


16.5 


7.01 


6 


1159 


165.2 


24 


8:30 


113 


14.1 


7.13 


<4 


1223 


174.4 


25 


8:45 


106 


14.3 


7.50 


15 


1289 


182.9 


26 


7:30 


113 


13.3 


7.48 


12 


1349 


191.0 


27 


8:00 


126 


14.3 


7.53 


20 


1414 


199.2 


29 


11:30 


119 


14.3 


7.44 


20 


1479 


207.4 


30 


9:00 


145 


12.6 


7.53 


38 


1537 


213.4 


31 


9:45 


124 


14.6 


7.35 


38 


1603 


220.4 


32 


8:15 


106 


13.2 


7.40 


50 


1663 


225.9 


33 


8:45 




14.5 


7.46 


59 


1729 


231.4 



This experiment illustrates that over considerable periods of time the ferrous-form 
zeolite of the invention is effective at removing chromium from a chromium containing 
solution. Chromium discharge was kept at a minimum for periods of week under fairly high 
chromium feed levels. 

The data shown in this Example provide further evidence that embodiments of the 
present invention are effective at removing Cr +6 from an aqueous solution. The ferrous-form 
zeolite of the invention is relatively inexpensive and easy to use in an industrial scale setting, 
especially in the setting of removing Cr +6 from contaminated well water. 
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Example 3: Treatment of Large Scale Contamination Using Ferrous-Form Zeolite 

To treat and remove Cr +6 from larger volumes of ground water the following system 
is proposed. Six, six inch diameter, columns are loaded with 36 inches of ferrous-form 
zeolite having approximately 0.5-0.7 meq ferrous iron/gram. The zeolite is of a 20X50 mesh 
size and is pre-sieved to remove fines. Each column is connected in series so that medium 
entering the first column will contact the ferrous-form zeolite of the first column and exit to 
the ferrous-form zeolite of the second column, and continue in series until contact with the 
sixth column. Discharge from the first and sixth columns is analyzed for chromium levels 
using ICP mass spectroscopy or other like device. 

Aqueous medium feed is de-aired prior to contact with ferrous-form zeolite in the first 
column using a vacuum tower that pulls approximately 25 to 26 inches Hg. It is anticipated 
that a feed having approximately 100 ppb total chromium will be discharged from the sixth 
column having less than 2-6 ppb chromium. After treatment of approximately 100,000 
gallons of medium, the discharge of aqueous medium will likely be increasing due to the 
capacity of the first column to remove chromium being inhibited. At this point it will be 
necessary to remove the first column and add a new column that goes in series after the 
original number 6 column. Removal of the first column and replacement with a new column 
at the end of the series of columns can continue indefinitely. Spent ferrous-form zeolite is 
disposed of using governing body approved technologies. 

Example 4: Pilot Study For Treatment of 12 Gallons/Min Contaminated Ground Water 

A pilot study was performed at Glendale, California to determine the effectiveness of 
an embodiment of the present invention at removing chromium from larger flow rates of 
contaminated ground water. A series of six, six inch diameter, columns were connected in 
series, each column having about 5 feet in depth of 0.74 meq ferrous iron/g zeolite. The 
columns were connected for continuous upflow of the contaminated ground medium through 
the six columns. A flow rate of about 12 gallons per minute was fed continuously through 
the system for the duration of the pilot study. 

A 25 inch Hg vacuum was pulled on the medium prior to entry of the medium to the 
columns to de-air the medium prior to contact with the ferrous-form zeolite. Total chromium 
levels were followed for five days through the six columns as is shown in Table 8. 
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Table 8: Chromium Removal At Glendale 



Day/Time 


Sample 


Total Chromium 


1/11:44 


Inf 


65.8 


1/12:25 


col 1 - Eff 


65.6 


1/12:21 


col 2 - Eff 


50.8 


1/12:18 


col 3 - Eff 


37.2 


1/12:16 


col 4 - Eff 


24.2 


1/12:11 


col 5 - Eff 


14.9 


1/11:38 


Eff 


9.3 


2/10:35 


Inf 


56.3 


2/10:29 


col 1 - Eff 


46.3 


2/10:28 


col 2 - Eff 


34.2 


2/10:27 


col 3 - Eff 


27.6 


2/10:26 


col 4 - Eff 


21.2 


2/10:25 


col 5 - Eff 


13.2 


2/10:32 


Eff 


7 


5/12:26 


Inf 


64.2 


5/12:24 


col 1-Eff 


26.1 


5/12:22 


col 2 - Eff 


2.9 


5/12:20 


col 3 - Eff 


0.5 


5/12:17 


col 4 - Eff 


0.6 
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5/12:15 


col 5 - Eff 


1.2 


5/12:14 


Eff 


1.4 



The data shown in Table 8 illustrates that the present invention is useful in treating 
larger volumes of contaminated water. Over a period of 5 days, contaminated water having 
approximately 64 ppb chromium was treated and discharged with 9.3 ppb after day 1, 7 ppb 
after day 2 and less than 2 ppb after day 5. The data illustrates the effectiveness of 
embodiments of the present invention for treating large volumes of continuous feed water, for 
example water entering a water treatment plant. 

It will be clear that the invention is well adapted to attain the ends and advantages 
mentioned as well as those inherent therein. While a presently preferred embodiment has 
been described for purposes of disclosure, various changes and modifications may be made 
which will readily suggest themselves to those skilled in the art and which are encompassed 
in the spirit of the invention disclosed herein and as defined in the appended claims. 
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